ABSTRACT We evaluated the susceptibility of 15 mango cultivars to the attack of Anastrepha ludens (Loew) and Anastrepha obliqua (Macquart) (Diptera: Tephritidae), the main tephritid pests of this crop in Mexico. In a Þeld experiment, bagged fruit-bearing branches were exposed to gravid females of both ßy species. Infestation rates, developmental time, adult eclosion, and F1 adult longevity, fecundity, and fertility were recorded, ranking cultivars in terms of susceptibility to ßy attack and development. We also compared the volatile proÞle in selected resistant and susceptible cultivars in search of possible correlations. In a second experiment, clutch size for A. ludens was determined in each cultivar. Infestation rates, developmental time, and F1 demographic parameters varied sharply among cultivars and between ßy species for bagged fruit. Cultivars ÔVishi,Õ Ô74 Ð 82,Õ and ÔBrooksÕ were most susceptible to A. ludens infestation while ÔTommy,Õ ÔSensation,Õ and ÔAtaulfo "niñ o"Õ (parthenocarpic fruit) were most susceptible to A. obliqua infestation. ÔEdward,Õ ÔKent,Õ ÔBrooks late,Õ ÔPalmer,Õ and ÔAtaulfoÕ exhibited tolerance to attack of both ßy species. Fruit of susceptible and resistant cultivars exhibited unique volatile proÞles. Fly development and F1 adult demographic parameters varied signiÞcantly among cultivars. A. ludens females laid larger clutches in larger and harder fruit. We highlight the important role of Ataulfo "niñ o" as pest reservoir if fruit is left unharvested on trees. We discuss the possible use of highly resistant cultivars as trap crops or egg sinks.
Environmental manipulation in the context of pest management can be viewed as a series of measures aimed at manipulating biotic and abiotic elements to reduce or eliminate pest damage to a crop (Aluja and Rull 2009 ). Such measures include pushÐpull strategies, which entail use of stimuli to render a protected resource unattractive or unsuitable to pests (push) while luring them toward an attractive source (pull; Cook et al. 2006) . PushÐpull strategies can rely on the use of trap crops, which are plants grown to attract pests to prevent them from reaching commercial crops or to concentrate their activity in areas where control actions can be focused (Hokkanen 1991) . Trap cropping often relies on the fact that herbivorous pest species commonly exhibit host or cultivar preferences (Aluja and Rull 2009 ).
Several species of economically important fruit ßies have been shown to exhibit preferences for particular cultivars or genotypes of commercially grown host plants (Dean and Chapman 1973 , EskaÞ 1988 , Carvalho et al. 1996 , Liburd et al. 1998 , Rull and Prokopy 2004 , Aluja and Mangan 2008 , Guillé n et al. 2011 . Preferences for different cultivars can be expressed as greater attraction or arrestment to or on fruit-bearing trees, greater propensity to oviposit in fruit, increased larval performance within fruit, and greater infestation rates in the Þeld (Hennessey et al. 1995 , Birke 2011 . In some cases such preferences have been exploited to develop and propose environmentally friendly pest management strategies (Aluja et al. 1997 , Boucher et al. 2003 , Rull and Prokopy 2005 .
Mango is a tropical fruit of great commercial value, which is extensively grown in Mexico as well as many other Latin American, African, and Asian countries (Litz 2009 ). Its excellent taste and appearance render this fruit attractive for export markets. Despite its commercial potential, its status as a fruit ßy host restricts its marketing by requiring the application of costly postharvest treatments that affect fruit quality (Peñ a et al. 2009 ). Variation in mango cultivar susceptibility to the attack of Anastrepha obliqua (Mac-quart) (Diptera: Tephritidae) has been documented in Brazil (Carvalho et al. 1996; Rossetto et al. 1996a Rossetto et al. , 2006 Rossetto et al. , 2009 and to several other species of Tephritidae in Africa and Asia (Vayssiè res et al. 2005 (Vayssiè res et al. , 2009a Rattanapun et al. 2009 ). Such differences could be exploited for selection and mixed planting of appropriate cultivars, allowing for the design of trap cropping strategies to reduce fruit ßy infestation risk on fruit with greatest commercial value within orchards.
The Mexican fruit ßy, Anastrepha ludens (Loew) (Diptera: Tephritidae) is probably the most important pest for fruit production in Mexico (Aluja 1994 , Aluja et al. 1996 , and although the main hosts of economic importance for this pest are several species of citrus, it has long been reported infesting mangoes at elevations above 800 m (McPhail and Bliss 1933, Aluja et al. 1987) , but is becoming a problem for some cultivars at low elevations (Aluja et al. 1996) . The West Indian Fruit Fly, A. obliqua, historically represents the most serious pest of mango in Mexico (Aluja et al. 1996) , Central America (Jiró n and Hedstrom 1991, NiklausÐ Ruiz Borge and Basedow 1997), and South America (Carrejo and González 1994 , Rossetto et al. 1996b , Korytkowski 2001 , Martinez and Serna 2005 . These two species regularly coexist in commercial orchards in Mexico (Aluja et al. 1987 (Aluja et al. , 1996 .
Here we aimed to determine and rank susceptibility to the attack by A. ludens and A. obliqua to parthenocarpic fruit and 15 different mango varieties of commercial value in Mexico. In addition, to further development of effective attractants for pest management, we identiÞed volatiles potentially correlated with mango cultivar susceptibility to fruit ßy attack. Overall, results of this study were intended to support decision making among growers and orchard managers for biorational pest management.
Materials and Methods
Study Site. Infestation trials were carried out at "la Norteñ a, Rosario Izapa" Þeld experimental station of the Instituto de Investigaciones Forestales, Agrṍcolas y Pecuarias (INIFAP), located at Km. 22.1 on the TapachulaÐPuerto Madero road, Chiapas (14Њ 45Ј36.51Љ N, 92Њ 23Ј06.97Љ W; 15 m). The station holds a germplasm collection covering Ϸ2.5 ha planted with trees of 42 mango cultivars (four trees of each cultivar). Four trees of each cultivar were planted in the same row. At the time of the experiment, no pesticide application or fertilization schemes were used.
Laboratory trials were performed in the Fruit ßy Behavioral Ecology Laboratory, Department of Methods Development at the MoscamedÐMoscafrut mass rearing facility at Metapa de Domṍnguez, Chiapas. Environmental conditions in the laboratory were held at 26 Ϯ 2ЊC and 75 Ϯ 10% relative humidity (RH) for the duration of experiments.
Mango Cultivars Under Study. Fifteen cultivars were selected for the infestation studies conducted in Mexico: early fruiting cultivars ÔCriollo,Õ ÔOro,Õ ÔAtaulfo,Õ and ÔEdwardÕ; midripening ÔVishi,Õ ÔDiplo-matico,Õ and Ô74 Ð 82Ј; and late fruiting cultivars ÔIrwing morado,Õ ÔIrwing rojo,Õ ÔSensation,Õ ÔPalmer,Õ ÔTommy,Õ ÔBrooks,Õ ÔBrooks late,Õ and ÔKent.Õ Parthenocarpic fruit (mango "niñ o") of Ataulfo mango were also included in the study. Such fruit develops without fertilization and is notably smaller than fertilized fruit; owing to its lack of commercial value, it is usually left on trees by growers after harvest; the proportion of mango "niñ o" in commercial orchards has grown notably in the past 5 yr. Cultivar selection criteria were: 1) fruit edible quality, 2) availability and access, and 3) synchronization of ripening among cultivars.
Harvest-stage fruit was used for the experiment (3/4 ripe ϭ mature green). Sugar content in Brix degrees was measured with a hand-held refractometer (Atago model N-1E, 032, Atago, Co. Ltd., Tokyo), and pulp Þrmness in Newtons was measured with a penetrometer and motorized test stand (Accuforce II, Ametek, model ML 4665; MansÞeld and Green Division, Largo, FL).
Analyses of volatile chemicals from selected mango cultivars were performed at the U.S. Department of AgricultureÐAgricultural Research Service (USDAÐ ARS) Subtropical Horticulture Research Station (Miami, FL). Mangoes were harvested from trees at the National Germplasm Repository (Miami, FL) and at the Tropical Research and Education CenterÐUniver-sity of Florida (Homestead, FL). Irwin, Sensation, Palmer, Tommy, Edward, Oro, and Kent were the only cultivars available in Florida that matched the cultivars used in the Þeld experiments in Mexico. However, all the three categories of susceptibility to fruit ßy attack (i.e., tolerant, medium, and susceptible) were represented by these cultivars. One fruit was harvested per tree (Irwin, N ϭ 5; Sensation, N ϭ 5; Palmer, N ϭ 3; Tommy, N ϭ 5; Edward, N ϭ 5; and Kent, N ϭ 2) except for Oro where only one tree was available (N ϭ 4 fruit from a single tree).
Insect Origin and Care. For infestation trials, the F1 and F2 generation of Þeld-collected A. ludens and A. obliqua were used. Insects were obtained from naturally infested fruit in the Þeld. Grapefruit (Citrus paradisi Macfayden) and mango (Mangifera indica L.) were collected to recover A. ludens, and wild plums (Spondias sp.) and mango to obtain A. obliqua.
Infested fruit were taken to the laboratory and held in plastic trays over vermiculite for 8 d to allow for larval development. After this period, fruit were dissected, and vermiculite sieved to recover larvae and pupae. Recovered pupae were placed within mosquito mesh screened, wooden framed, 50 by 50 by 50 cm, cages awaiting adult emergence. Emerging adults were offered food (a mixture of sugar and hydrolyzed protein at a 3:1 ratio) and water ad libitum. Once adults matured (reached 15 d of age), Criollo and very ripe Ataulfo mangoes were exposed for oviposition to gravid A. obliqua and A. ludens females, respectively. Fruit were dissected 20 d after exposure. Recovered larvae were placed in 1-liter plastic containers with moist vermiculite as pupation media.
Once emerged, adults were placed in cages as the ones described above. To ensure that females for trials were sexually mature, a sample of 20 females of each species was dissected to count mature oocytes 1 d before trials.
Experimental Protocol. In our study host fruit are deÞned as those where ßies oviposit in nature and from which viable adults are recovered (Cowley et al. 1992, Aluja and Mangan 2008) .
High antibiosis is associated with low proportions of eggs transformed into adults, increased larval development time, and low pupal weight (Hennessey et al. 1995 , Erbout et al. 2009 ). Besides infestation and adult emergence, the following variables were considered: pupal weight, larval viability, and fecundity and fertility of emerged adults. Experiment 1. Degree of Infestation and Development in Fruit. Wire and screen cloth (locally known as "malla-tul") bags in a prismatic square shape with 1 m 2 at the base and 2 m in length and an opening at one end, were used to cover branches with mango fruit. Two branches (harboring Þve fruit), for each ßy species, from four different trees of each cultivar (eight branches per species per ßy per cultivar) were covered. Five ßy couples of each species per fruit were released in the bags (25 couples per branch) but never mixing species in a single bag to avoid possible effects of competition in results. Flies were sexually mature (17Ð25 d of age) at release. Fruit were exposed to ßies for two continuous days at a constant ßy density, by replacing dead individuals with live ßies from the same cohort. In addition, four bags as the ones described above were set with Þve artiÞcial agar hosts to ensure that females where fecund and fertile.
Fruit was harvested 10 d after exposure to ßies and taken to the laboratory to be weighted, and placed in 1-liter plastic containers labeled according to date, ßy species, and fruit variety. Containers were lined with a 1-cm layer of dry vermiculite to prevent larvae from crawling out of containers. Fruit was kept for 30 d and inspected daily for larvae or pupae. The following nine preference or performance variables were recorded: 1) larvae per fruit, 2) larval development time, 3) pupal development time, 4) percent of larvaÐpupa transformation, 5) pupal weight, 6) percent adult emergence, 7) F1 adult survival after 35 d, 8) F1 female fecundity, and 9) F1 female fertility, for each ßy species.
To record adult survival after 35 d and female fecundity and fertility, 15 couples from each mango cultivar were placed at emergence in 30-by 30-by 30-cm wooden frame screened cages and mortality recorded daily. After adults reached 15 d of age, a 2.5-cm-diameter sphere Þlled with fucellerone (as opposed to agar) and wrapped with paraÞlm was placed in cages. ArtiÞcial hosts were replaced daily and dissected to count eggs and determine percentage egg hatch.
Cultivars were ranked from 1 (most susceptible) to 16 (most tolerant) for the nine preference or performance parameters listed above. Cultivars with identical numerical values for any parameter were given the same rank. Mean ranks for all nine parameters were calculated for A. ludens and A. obliqua along with overall fruit ßy susceptibility average rank (averaged over 18 ranks) for each cultivar. Cultivars were then classiÞed according to average rank with the Þve lowest averages considered susceptible, the following Þve medium, and the remaining cultivars as tolerant.
Experiment 2. Clutch Size and Fruit Firmness. Because A. obliqua is a single egg-laying species, this test was only performed for A. ludens females. Females used were from the same cohort and age than those used in previous tests. The rationale behind this study was that A. ludens females regulate clutch size using pulp Þrmness, sweetness, and volatiles as an indicator of host quality (DṍazÐFleischer and Aluja 2003 , Rossetto et al. 2009 ). Females of this species deposit greater amounts of eggs in harder fruit, which is more hostile to larval development than softer fruit (DṍazÐ Fleischer and Aluja 2003) . According to results from the latter study, a large clutch size would be an indicator of greater resistance of mango cultivars to ßy attack.
Following methods described in DṍazÐFleischer and Aluja (2003), a single A. ludens female per fruit was observed during ovipositon and the oviposition site carefully marked. Fruit was then taken to the laboratory for dissection and clutch size determination (number of eggs per clutch) for each female. Fifteen replicates were run per mango cultivar using a different female and a different fruit each time.
Volatile Collections and Analyses. Freshly harvested fruit were placed individually into glass jars sealed with ParaÞlm M (Thomas ScientiÞc, Swedesboro, NJ) and held at room temperature. Volatile chemicals were sampled by solid phase microextraction (SPME) with a 100-m polydimethylsiloxane coating (nonbonded) Þber (Supelco, Bellefonte, PA). Headspace was sampled by inserting two Þbers through a small hole in the paraÞlm so that two samples were obtained by sampling overnight. One SPME Þber was analyzed by gas chromatography (GC; ThermoQuest Trace GC-FID 2000, Austin TX) with a fused silica DB-5 column (J&W ScientiÞc, Agilent Technologies, Santa Clara, CA), 10 m in length, 0.18 mm of internal diameter (I.D), with Þlm thickness 0.18 m. The GC temperature was programmed at 50ЊC for 1 min, then from 50 to 220ЊC at 35ЊC/min, and then held at 220ЊC for 2 min. The second SPME Þber was analyzed by GC-mass spectrometer (MS; Agilent Technologies 5975B) calibrated with the following parameters: electron impact (EI) energy: 69.9eV, MS source and MS quadrupole at 230 and 150ЊC, respectively, and Electron Multiplier 1,294V. The column used in the gas chromatograph interface to the mass spectrometer was 25 m in length, 0.25 mm I.D DB-5MS phase (J&W ScientiÞc, Agilent Technologies) programmed at 40ЊC for 2 min, then from 40 to 130ЊC at 10.0ЊC/min, then from 130 to 220ЊC at 20.0ЊC/min, and then held at 220ЊC for 4 min. Chemicals were identiÞed using the National Institute of Standards and Technology (NIST) mass spectral program version 2.0 d and NISTÐEnvironmental Protection Agency (EPA)ÐNational Institute of Health (NIH) mass spectral library (NIST11), and by comparison with synthetic chemical compounds when available. Synthetic chemicals included ␣-copaene (Fluka Analytical, Stenheim, Germany), ␣-humulene and ␤-caryophyllene (Sigma, St. Louis, MO), ␣-pinene (Aldrich, Milwaukee, WI), and D-limonene (Glidden Organics of SCM Corp., Jacksonville, FL). After chemical analyses, the sugar content (Brix, %) of each sampled fruit was determined using a digital refractometer (Sper ScientiÞc, Scottsdale, AZ).
Statistical Analyses. Infestation rates, percentage of adult emergence, and immature developmental time in experiment 1 were analyzed using two-way ANOVAs for complete model analysis, one-way analysis of variance (ANOVA) for better elucidation of cultivar effect, and split-plot ANOVAs, considering days as the split plot. Data on adult features (percent adult emergence, F1 adult survival after 35 d, F1 female fecundity, and F1 female fertility, for each ßy species) were analyzed by means of a multivariate analysis of variance (MANOVA). Data from experiment 2 were analyzed using a one-way ANOVA and linear regression. Percent data were transformed with a square root arcsine transformation before analyses. Post hoc analyses were performed using LS Means Differences StudentÕs t-test. Analyses were performed using JMP (SAS Institute 2007).
The relative amount of each compound in the selected mango cultivars was calculated as a percentage of the whole blend. The comparison of the sugar content among the three susceptibility categories (susceptible, medium, and tolerant to fruit ßy attack) was made using the nonparametric test KruskallÐWal-lis. Pearson correlation tests were performed to compare the proportion of each volatile chemical to the sugar content, and to the degree of insect damage (Statistica 6.0 Software; StatSoft Inc. 2001). One-way ANOVAs were performed to compare the proportions of volatile chemicals among the categories of susceptibility to a given Anastrepha species. Stepwise discriminant analysis using Proc STEPDISC (SAS Institute 2008) was used to determine which chemicals explained most of the variation among groups of susceptibility (Dunlop et al. 1997) , with separate analysis conducted for each species. Only chemicals representing Ͼ3% of the total chemical content in at least one cultivar were included in this analysis. Chemicals selected by stepwise discriminant analysis were then retained and canonical discriminant analysis using Proc CANDISC was used as a dimension reduction technique to Þnd the linear combinations of the chemicals (canonical correlations) that gave the best separation among the classiÞcation variables. Scatterplots of class means produced by canonical correlation 1 (x-axis, the classiÞcation that produces the best discrimination among the groups) vs. canonical correlation 2 (y-axis, the classiÞcation that gives the second best discrimination) were used to visually summarize the separation based on chemical content of groups as speciÞed by the classiÞcation variable.
Results
Experiment 1. Degree of Infestation and Development in Fruit. Highly signiÞcant differences in infestation rates were found between ßy species (two-way ANOVA: F ϭ 186.0; df ϭ 1, 1,247; P Ͻ 0.0001). Female A. ludens achieved greater infestation rates (Fig. 1A  and B) . With respect to mango cultivars, Vishi and Ataulfo "niñ o" were the most infested (one-way ANOVA: F ϭ 8.00; df ϭ 15, 639; P Ͻ 0.0001, A. ludens; F ϭ 16.7; df ϭ 15, 638; P Ͻ 0.0001, A. obliqua; Fig. 1A and B). With respect to female oviposition in spheres, female A. ludens laid 4.6 Ϯ 0.7 (mean Ϯ SE) eggs per sphere with a 77.6 (Ϯ3.7)% egg hatch, while female A. obliqua laid 16.6 (Ϯ3.7) eggs per sphere with a 46.1 (Ϯ6.1)% egg hatch.
Duration of the larval stage for those cultivars whose fruit was infested was signiÞcantly different between ßy species (two-way ANOVA: F ϭ 116.9; df ϭ 1, 1,737; P Ͻ 0.0001). Development of A. ludens larvae took longer than that of A. obliqua ( Fig. 2A and B) . Larval development time also varied signiÞcantly among mango cultivars (one-way ANOVA: F ϭ 19.37; df ϭ 15, 1,946; P Ͻ 0.0001, A. ludens; F ϭ 3.09; df ϭ 12, 354; P Ͻ 0.0001, A. obliqua) with larvae developing in the 74Ð82 cultivar taking the longest time ( Fig. 2A and B) .
Regarding pupal developmental time, highly significant differences were also found between ßy species (two-way ANOVA: F ϭ 125.2; df ϭ 1, 4,183; P Ͻ 0.0001), with A. ludens pupae taking longer to develop than A. obliqua. Highly signiÞcant differences in pupal developmental time were also found among different mango cultivars where pupae were recovered, with pupae stemming from Brooks and Tommy taking the longest to develop for both ßy species (one-way ANOVA: F ϭ 537.58; df ϭ 15, 4,183; P Ͻ 0.0001, A. ludens; F ϭ 28.95; df ϭ 9, 533; P Ͻ 0.0001, A. obliqua; Fig. 2C and D) .
No signiÞcant differences for larvalÐpupal transformation between ßy species (two-way ANOVA: F ϭ 2.3; df ϭ 1, 120; P ϭ 0.13) and among cultivars were found (one-way ANOVA: F ϭ 1.5; df ϭ 12, 90; P ϭ 0.14, A. ludens; F ϭ 1.67; df ϭ 12, 54; P ϭ 0.11, A. obliqua).
Highly signiÞcant differences were found between ßy species for pupal weight (two-way ANOVA: F ϭ 174.0; df ϭ 1, 5,807; P Ͻ 0.0001), with A. ludens pupae being signiÞcantly heavier than A. obliqua. Cultivar also signiÞcantly affected pupal weight (one-way ANOVA: F ϭ 58.21; df ϭ 15, 6,444; P Ͻ 0.0001, A. ludens; F ϭ 7.57; df ϭ 12, 856; P Ͻ 0.0001, A. obliqua), with pupae stemming from Brooks (A. ludens) and pupae stemming from Red Irwing (A. obliqua) being heavier ( Fig. 3A and B) .
Adult emergence was signiÞcantly greater for A. ludens pupae than for A. obliqua (two-way ANOVA: F ϭ 70.9; df ϭ 1, 116; P Ͻ 0.0001). Highly signiÞcant differences in adult emergence were also found among pupae stemming from different cultivars (one-way ANOVA: F ϭ 1.88; df ϭ 12, 88; P ϭ 0.049, A. ludens; F ϭ 3.51; df ϭ 12, 52; P ϭ 0.001, A. obliqua; Fig. 4A and B) .
A MANOVA revealed highly signiÞcant differences between ßy species for all variables (Pillai Trace [0.2]; F ϭ 12.9; df ϭ 3, 156; P Ͻ 0.0001). There were also highly signiÞcant differences among cultivars (Pillai Trace [0.3]; F ϭ 2.19; df ϭ 24, 474; P Ͻ 0.001). The species ϫ cultivar interaction was also highly signiÞ-cant (Pillai Trace [0.3]; F ϭ 3.2; df ϭ 18, 474; P Ͻ 0.0001). Univariate analysis failed to reveal signiÞcant differences on ßy survival between species (F ϭ 0.002; df ϭ 1, 158; P ϭ 0.96), cultivar (F ϭ 0.3; df ϭ 8, 158; P ϭ 0.97), or their interaction (F ϭ 0.45; df ϭ 6, 158; P ϭ 0.84; Table 1 ).
The number of eggs laid in mangoes was highly signiÞcantly different between species (F ϭ 5.7; df ϭ 8, 158; P Ͻ 0.0001), with A. ludens females being more fecund. A signiÞcant species ϫ cultivar interaction revealed that ßy fecundity for different species depended signiÞcantly on the cultivars where females had developed as larvae (F ϭ 7.0; df ϭ 6, 158; P Ͻ 0.0001; Table 1 ). SigniÞcant differences in egg hatch were found between ßy species (F ϭ 9.2; df ϭ 1, 158; P ϭ 0.003). No signiÞcant differences were found among cultivars (F ϭ 1.4; df ϭ 8, 158; P ϭ 0.21). However, a signiÞcant interaction indicated that cultivar affected egg hatch differently according to species (F ϭ 2.9; df ϭ 6, 158; P Ͻ 0.01; Table 1 ).
Cultivar classiÞcation revealed some differences in overall preference or performance between A. ludens and A. obliqua (Table 2) . While Vishi was the most susceptible cultivar to A. ludens attack and the most suitable for development of viable individuals, Tommy was preferred by A. obliqua. Both cultivar 74 Ð 82 and Sensation were susceptible to A. ludens and A. obliqua attack. In addition, Vishi, Ataulfo "niñ o," and Tommy also showed to be susceptible to fruit ßy attack. There was more coincidence in tolerance to the attack of both ßy species, with Edward, Kent, Brooks late, Palmer, and Ataulfo exhibiting resistance. 
Experiment 2. Clutch Size and Fruit Firmness.
Highly signiÞcant differences in clutch size were found among cultivars (F ϭ 3.5; df ϭ 15, 144; P Ͻ 0.0001), with Kent fruit receiving the largest clutches (Table 3) . Host size, expressed as the mean fruit weight for each cultivar, was an important variable Fig. 5 ), and fruit weight and pulp Þrmness (r 2 ϭ 0.52; t ϭ 3.9; P Ͻ 0.0016; Y ϭ 7.749 ϩ 0.007 ϫ X) was found.
Chemical Analyses. In total, 15 chemicals that comprised at least 3% of the whole chemical proÞle in at least one variety were detected by GC (Table 4) . Ten of these chemicals were identiÞed by mass spectrometry and conÞrmed by comparisons with synthetic chemical compounds (four chemicals, three reported previously to be found in mango fruit) or by previous literature citations (six chemicals). 3-carene and germacrene D were the most abundant chemicals in all the varieties but the Oro cultivar. Tommy was the cultivar with the highest proportion of ␣-pinene.
The proportion of speciÞc volatile chemicals varied signiÞcantly among the categories of susceptibility. Among them, ethyl hexanoate, ␤-myrcene, and unidentiÞed chemicals (Kovats Retention Index [RI] ϭ 1019) were Ͻ3%. Ethyl hexanoate had the tendency to increase with increasing susceptibility (0.0 Ϯ 0.0 or 0.1 Ϯ 0.0 or 0.5 Ϯ 0.3% for tolerant or medium or susceptible, respectively; F ϭ 21.95; P Ͻ 0.001), whereas ␤-myrcene and an unidentiÞed chemical (RI ϭ 1019) decreased with increasing of susceptibility to A. ludens attack (0.8 Ϯ 0.6 or 0.5 Ϯ 0.5 or 0.0 Ϯ 0.0% of ␤-myrcene for tolerant or medium or susceptible; F ϭ 4.60; P Ͻ 0.05; and 0.3 Ϯ 0.2 or 0.1 Ϯ 0.2 or UnidentiÞed chemical #15 varied among the three categories of susceptibility to A. obliqua (F ϭ 5.13; P Ͻ 0.05), and had the tendency to increase with the degree of susceptibility (Table 4) . No signiÞcant difference in sugar content was observed among the mango varieties (H ϭ 2.69; P Ͻ 0.05) or among the three susceptibility categories (10.6 Ϯ 3.4, 11.2 Ϯ 1.8, and 10.3 Ϯ 2.4% for tolerant, medium, and susceptible, respectively; H ϭ 0.632; P Ͻ 0.05).
Stepwise discriminant analysis on the 15 chemical compounds higher than 3% of the total terpenoid content selected four and Þve chemicals for subsequent descriptive discriminant analysis of the classiÞcation groups (degree of susceptibility) for A. obliqua and A. ludens, respectively. ␣-Pinene, compounds #3, #15, and ethyl dodecanoate were the volatile chemicals that best explained the differences among the tolerant, medium, and susceptible varieties to A. obliqua, whereas compounds #3, #15, 3-carene, and ethyl dodecanoate were selected to explain the variability among degree of susceptibility to A. ludens. It should be noted that three of these chemicals were common for both Anastrepha species. Figure 6 shows the distribution of tolerant, medium, and susceptible varieties to A. ludens based on the Þve selected chemicals. The clusters of medium and tolerant varieties for 13.9 Ϯ 1.3 11.9 Ϯ 1.3 9.8 Ϯ 1.9 10.6 Ϯ 3.3 10.0 Ϯ 0.4 7.7 Ϯ 1.0 10.6 Ϯ 3.3
Only chemicals Ͼ3% in at least one of the cultivars are shown in the A. ludens overlapped each other, whereas the cluster of susceptible varieties was well separated. Figure 7 shows a similar pattern using the selected chemical for susceptibility to A. obliqua, where parts of the clusters of the medium varieties overlapped the clusters of the tolerant varieties. Susceptible varieties were clearly separated from medium and tolerant varieties.
Discussion
Infestation rates and offspring performance varied sharply among fruit of different mango cultivars exposed to A. ludens and A. obliqua in bagged branches, with Vishi, 74 Ð 82, and Brooks being most susceptible to A. ludens infestation and Tommy, Sensation, and Ataulfo "niñ o" being most susceptible to A. obliqua infestation. The high susceptibility of Ataulfo "niñ o" mangoes is probably related to the fact that they possess much less laticiferous conducts and are sweeter than fertilized mangoes of the same cultivar (Joel 1980) . This may have resulted in loss of defensive properties. There was greater coincidence in tolerance to fruit ßy attack, with Edward, Kent, Brooks late, Palmer, and Ataulfo being the least susceptible to attack and development of both pest species. Three cultivars (Ataulfo, Brooks late, and Kent) exhibited resistance (no infestation) to A. obliqua attack and could be used as baseline germplasm for cultivar development with aims at enhancing resistance as has been done for apples (Kellerhals 2009 ). Joel (1980 showed that mango resistance to fruit ßy attack is related to the existence of resin conducts in the skin, with mangoes exhibiting more resin conducts causing higher egg mortality. Here we also document a possible relationship between volatile proÞle and resistance and susceptibility that could be the result of variable attractability to fruit. Clutch size for A. ludens was positively correlated with fruit Þrmness, as shown in previous studies by DṍazÐFleischer and Aluja (2003) using Ataulfo mangoes.
Overall, 74 Ð 82 and Sensation, by being susceptible to both ßy species, show potential to act as trap crops or egg sinks to protect stands of tolerant cultivars, some of which are widely planted (e.g., Ataulfo). Meanwhile, Ataulfo "niñ o" fruit represent a reservoir for pestiferous Anastrepha fruit ßies, a fact that had not been documented so far and that has critical management implications.
Host plant selection by female phytophagous insects involves a three-link chain of events in which the Þrst link is governed by volatile plant chemicals, the central link by visual stimuli, and the Þnal link by nonvolatile plant chemicals (Finch and Collier 2000) . Regarding the third link, recent support for the preferenceÐperformance hypothesis for phytophagous insects appears to indicate that offspring survive better on preferred plant types, and females lay more eggs on plant types conducive to increased offspring performance (Gripenberg et al. 2010) . Our results seem to lend support to this hypothesis, as it has been demonstrated for Bactrocera dorsalis (Hendel) using two different cultivars in different ripening stages (Rattanapun et al. 2009 ). In Brazil, Rossetto et al. (2006 Rossetto et al. ( , 2009 also found that A. obliqua females preferred to oviposit and developed better in susceptible cultivars (Tommy and Sensation, also favored here) than in nonsusceptible cultivars (ÔEspada Stahl, Õ ÔIAC 111, Õ and ÔAlfaÕ) . In accordance to this, Carvalho et al. (2006) also recognized that preferred mango host also enhanced offspring Þtness parameters. JoachimÐ Bravo et al. (2001) showed for Ceratitis capitata (Wiedemann) that offspring performance and preference are related to sugar content as was possibly the case in our study. Nevertheless, oviposition choice and host plant utilization ability can be altered experimentally in only 10 Ð16 generations (Bernays and Graham 1988), and oviposition behavior can be intrinsically plastic (DṍazÐFleischer and Aluja 2003), a fact highlighted in our study by A. ludensÕs ability to adjust clutch size in relation to fruit Þrmness and size of different cultivars. Therefore, long distance attraction to volatiles emitted by ripening fruit may also play an important role in shaping cultivar preferences.
Our chemical analyses on mango cultivars that exhibited various degrees of susceptibility supports the hypothesis of an important role of volatile chemicals in the host preferences by Anastrepha species. The mango varieties analyzed in this study emitted high proportions of 3-carene and germacrene D, representing together Ϸ45Ð 60% of the whole chemical proÞle. 3-carene is reported to be responsible for the broad mango aroma (MacLeod and Pieris 1984) . Surprisingly, germacrene D was not detected in the Oro cultivar. Various volatile chemicals of interest were identiÞed and previously reported to play a role in fruit ßy host-seeking behavior. For instance, the fatty acid ester, ethyl octanoate, was previously reported to attract A. ludens and A. obliqua (Robacker et al. 1992 , Malo et al. 2005 , CruzÐLó pez et al. 2006 , and the widely distributed sesquiterpene ␣-humulene was reported to trigger an antenna response to the Mediterranean fruit ßy, C. capitata (Niogret et al. 2011 ). In our study, several volatile chemicals were correlated with the degree of cultivar susceptibility to Anastrepha species. For instance, the proportion of ethyl hexanoate increased with the degree of susceptibility to A. ludens, making this chemical a suitable candidate to be tested for attraction. This chemical was previously suggested to attract A. ludens and A. obliqua (Robacker et al. 1990 (Robacker et al. , 1992 Malo et al. 2005; CruzÐ Ló pez et al. 2006) . In constrast, ␤-myrcene and one of the unidentiÞed chemicals (RI ϭ 1,019) had higher proportions in mango cultivars tolerant to A. ludens, making them suitable to be tested as a repellent or as having a role in resistance. ␤-myrcene has been reported to demonstrate insecticidal activity against domestic ßies (Ibrahim et al. 2001) . Volatile chemicals emitted from plants can be affected by a combination of genetics (Berenbaum and Zangerl 1992) , developmental stage (Bowers and Stamp 1993) , and environment (Agrell et al. 2000) . Our ecological data were collected from mangoes in Mexico whereas the chemical analyses were assessed from mangoes in South Florida from the same cultivars. The correlation between chemical composition and susceptibility found in this study is promising. Future research is needed to conÞrm this relationship by conducting analyses on the same trees.
The canonical analysis used chemicals that presented the most separation among the susceptibility groups. For both degree of susceptibility to A. obliqua and to A. ludens, the clusters grouping medium and tolerant cultivars were close to each other, whereas the most susceptible cultivars appeared clearly separated. It may be possible to identify the susceptibility characteristics of mango cultivars in further studies by following the ratio of the four and Þve selected chemicals, for A. ludens and A. obliqua, respectively. Among these chemicals, ␣-pinene, selected in the analysis for A. obliqua, was previously reported to play a role in the attraction of this fruit ßy species (Malo et al. 2011 ). 3-carene, which was selected for A. ludens, was previously reported to attract the Caribbean fruit ßy Anastrepha suspensa (Loew) (Nigg et al. 1994) , whereas ethyl dodecanoate was reported as a semiochemical for A. ludens (Massa et al. 2008 ). We were not able to identify the three remaining chemicals of interest; however, the above mentioned compounds give a very good indication of the degree of susceptibility. Further work is needed to identify these chemicals and to determine the potential roles of them in ßy attraction.
The use of stimuli to manipulate the behavior of a pest for the purpose of protecting a valued resource is known as behavioral manipulation (Foster and Harris 1997) . Among the most commonly used methods in behavioral manipulation for pest management, trap cropping and mass trapping have been successfully tested and applied to control pest tephritids (Aluja and Birke 1993 , Aluja et al. 1997 , Boucher et al. 2003 , MartinezÐFerrer et al. 2012 , Wright et al. 2012 . Trap cropping relies on the fact that pests usually show a distinct preference for certain plants or cultivars (Hokkanen 1991) . Protection is achieved by exploiting such preferences to prevent pests from reaching the crop or by concentrating them in an area where they can be eliminated (Aluja et al. 1997, Aluja and Rull 2009) . Mass trapping in turn, uses species-speciÞc synthetic chemical lures, such as sex, aggregation pheromones, or food and host volatiles, to attract insects to traps where they can be conÞned and killed (El-Sayed et al. 2006) . Trap cropping and mass trapping could be combined to achieve greater environmentally friendly pest control. Under such a scheme, strategic planting of commercially valuable cultivars of a particular crop could be surrounded by a belt of attractive cultivars and harbor traps and attractive lures. This approach will be viable as long as synthetic lures and naturally released volatiles of attractive cultivars act in synergy (Rull and Prokopy 2005) . Nevertheless, in some cases, release of natural host odors can affect trap efÞciency (Howse and Knapp 1996) . Our results seem to adhere to the preferenceÐperfor-mance hypothesis (see above), leading us to believe that in the particular case of mango, these methods may be combined to effectively control pestiferous Anastrephas. Here, we have provided the baseline for cultivar selection and use of attractive volatiles to begin testing this promising strategy.
SpeciÞcally, our results suggest that orchards with resistant commercial cultivars such as Ataulfo or Kent, can be further effectively protected from fruit ßy damage if surrounded by more attractive host plants such as Spondias (in the case of A. obliqua) or Citrus (in the case of A. ludens), or highly susceptible mango cultivars such as 74 Ð 82, Sensation, or Vishi, which can serve as trap crops or egg sinks. Attraction of these cultivars or host plants could be enhanced with traps baited with combinations of the volatiles identiÞed in our study. Furthermore, environmentally friendly pushÐpull management schemes such as the use of synthetic host-marking pheromone Anastrephamide (repellent or push) sprayed on resistant cultivars combined with enhanced egg sinks or traps (highly susceptible or pull cultivars) could be further integrated. Anastrephamide has already been shown to be effective , Edmunds et al. 2010 ), and we believe that once markets and governments make the implementation of biorational pest management schemes mandatory, its use will become widespread. Additional control actions such as destruction of fallen fruit, chemical applications, or augmentative releases of biocontrol agents can be concentrated on the orchard perimeter to prevent buildup of pest populations and to intercept ßies moving from adjacent areas as described by Aluja and Rull (2009) . Finally, a critical recommendation to growers based on our results, is that Ataulfo "niñ o" mangoes need to be removed from all trees, as these small fruit represent important pest reservoirs on which ßy populations can build up reaching unmanageable numbers.
